Abstract The performances of electroflotation (EF) on the thickening of activated sludge were investigated using laboratory scale batch flotation reactors. Four activated sludges including bulking sludges were tested. After 30minutes of EF operation, 57 -84% of sludge volume reduction could be achieved by EF, while only about 1.5 -14% could be obtained by gravity thickening for the same period. After thickening the effluent water quality in terms of TCOD, SS, and turbidity was improved by EF operation for all sludge samples. In addition, the EF thickened sludge showed much better dewaterability both in SRF and cake solid content. It is induced that the air bubbles entrapped in the thickened sludge play a key role in the observed dewaterbility improvement.
Introduction
The solids content of primary, activated, or mixed sludge varies considerably, depending on the settling characteristics of the sludge often measured as sludge volume index (SVI). Operation parameters such as solid retention time (SRT), food-microorganism ratio (F/M ratio) and organic loading also influence the settleability of the sludge. In general, thickening of the settled sludge is necessary to further increase the solids content and to reduce the volume. The volume reduction obtained by sludge thickening is beneficial to subsequent sludge treatment processes, such as digestion, dewatering, drying, and combustion (Metcalf and Eddy, 1991) . Thickening is generally accomplished by physical methods including gravity settling, flotation, and centrifugation. Gravity thickening is most effective for primary sludge. However, gravity thickening is not always suitable for condensation of secondary (activated) sludge when filamentous or non-filamentous sludge bulking occurs. In the case, dissolved air flotation (DAF) or centrifugation thickening is often very effective.
In water and wastewater treatment, flotation is the most effective process for the separation of oil and low-density suspended solids (Lafrance and Grasso, 1995; Manjunath et al., 2000; Chen et al., 2002) . Although DAF is predominant in use today, electroflotation (EF) may be an attractive alternative because of its potential to generate relatively homogeneous micro-bubbles and simplicity of operation (Chen et al., 2002) . EF has been tested to treat oil-water emulsion (Hosny, 1996) , mining wastewater (Alexandrova et al., 1994) , and many other water and wastewaters (Burns et al., 1997; Poon et al., 1997; Chen, 2000) . However, application of EF to the treatment of sludge or high concentration wastewater has not been explored so far.
The purpose of this study was to evaluate the performances of EF in the thickening of activated sludge. Four different activated sludges with varying settling characteristics were tested by both EF thickening and gravity thickening. The thickening efficiency was determined by both thickening ratio and the effluent water quality after thickening. In addition, the dewaterbility of the thickened sludges were also evaluated in terms of SRF and cake solid content.
Materials and methods
Four activated sludges were used for thickening and dewatering experiments using electric flotation. Two of the tested sludges (activated sludge1, AS1; activated sludge2, AS2) were taken from domestic wastewater treatment plants with conventional activated sludge processes and the other sludges (activated sludge3, AS3; activated sludge4, AS4) were from the plants with biological nutrient removal processes. The MLSS concentration of AS1, AS2, AS3, and AS4 was 2,540, 1,988, 4,210, and 3,672 mg/L, respectively. Settling characteristics of the sludges were evaluated by sludge volume index after 30 min of sedimentation (SVI 30 ), interface height variation, and total extended filament length (TEFL). It has been reported that the overall filamentous organism level in activated sludge is extremely important in determining its settling and thickening characteristics (Sezgin, et al., 1978; Lee et al., 1982; Jenkins et al., 1993) . TEFL measurement technique of Sezgin, et al. (1978) was adopted in this study in order to quantify the filamentous organism level in activated sludge.
Batch flotation tests were conducted using a 1L graduated acryl cylinder. The schematic of the cylinder with electroflotation device is shown in Figure 1 . For the generation of micro-bubbles, there are three stainless steel electrodes connected in a dipolar mode at the bottom of the cylinder, with the dimension of 30(height) £ 50(width) £ 0.5(thickness) mm. The effective area of each cathode is 15 cm 2 and anode is 30 cm 2 .The current and the voltage applied to the electrodes were 300 mA and 10V, respectively. The spacing between electrodes is 5 mm. For comparison between EF and gravity settling, another set of batch settling tests were also carried out in parallel using the same reactor without power supply.
Batch dewatering tests were performed after 30 min flotation (EF sludge) or 10 min centrifuge at 3,000 rpm (control sludge). Solids concentration of the EF sludge and the control sludge was 14,067-32,450 mg/L and 8,667-22,600 mg/L, respectively. The SRF of the sludge was measured by the method described by Christensen and Dick (1985) . The effluent COD concentration and the turbidity was measured using COD reactor and direct reading spectrophotometer (DR2000, Hach) and turbidimeter (DRT-100B, HK Instrument), respectively. Others were analyzed according to Standard Methods (1995).
Results and discussion

Sludge classification
Four activated sludges (AS1, AS2, AS3, and AS4) used in this study were classified based on their TEFL values. In general, the SVI increases rapidly more than 100 mL/g when TEFL values are above 10 7 mm/mL . Sezgin et al. (1980) found the same trend for activated sludge taken from several full-scale plants. Qualitative evaluation of the filamentous abundance for AS1, AS2, AS3, and AS4 could be obtained by microscopic pictures (Figure 2 ). Figure 3 shows the estimated TEFL values and SVI 30 for the sludges. The filamentous abundance was in the order of AS2, AS3, AS4, and AS1.
The measured filamentous abundance of the sludges agree well with the microscopic observations. The good correlation between SVI 30 and TEFL well describes that the sludge settleability is seriously affected by filamentous level.
Effects of EF on the thickening characteristics
The settling behaviors of the activated sludges are shown in Figure 4 (a). AS1 showed the best settleability and its SVI 30 was analyzed to be 114 mL/g. Compression stage could not be found in the other sludges although after 120 min of sedimentation. SVI 30 of AS2, AS3, and AS4 were 433, 307, and 234 mL/g, respectively. Therefore, AS2, AS3, and AS4 can be regarded as a bulking sludge (Jenkins et al., 1993) . Figure 4 (b) shows the thickening behavior of the sludges by EF. Sludge bed height was defined as the distance between the bottom of the reactor and the bottom of the sludge bed. The higher the sludge bed height, the thicker the sludge is. Sludge thickening pattern by EF is clearly divided into two phases ( Figure 5) ; the initial formation of the sludge bed and subsequent compression of the sludge bed. The reflection points in Figure  4 (b) indicate transition point of the first phase into the second phase. AS1, AS2, and AS4 show the maximum thickness of the sludge bed after 7-8 min of EF. The compression phase also appears in AS3 at 20 min of EF (Figure 4(b) ) when the solid-liquid separation is completed. However, solid-liquid separation of AS3 by gravity was almost impossible as shown in Figure 4(a) .
EF of the sludges was not continued after 30 min because the sludge bed height was nearly constant after this time. In spite of the relatively short flotation time, EF showed much higher thickening efficiency than gravity sedimentation for all sludges. Therefore, a stable and higher solid-liquid separation can be expected by EF even for sludges with poor settleability. In order to compare the thickening efficiency of gravity settling and EF, thickening ratio is defined as follows:
Thickening ratio ¼ Initial height of mixed suspension Sludge bed thickness after 30 min thickening ð1Þ
In Equation (1), thickening time is decided based upon the maximum time required for EF. The thickening ratio estimated using the Equation (1) is shown in Figure 6 . The thickening ratios by gravity sedimentation are 3.4 for AS1 and 1.01-1.16 for the other sludges. However, EF improved the thickening ratio remarkably even for bulking sludges such as AS2, AS3, ans AS4 as shown in Figure 6 . Solids concentration of the sludge separated by EF was about 14,067-32,450 mg/L, which was 3.4-10.1 times higher than the sludge separated by gravity sedimentation for 30 min. It is noteworthy that although EF outperforms gravity sedimentation for all sludges, the performance of EF still depends on the settling indices such as SVI and TEFL.
Effects of EF on effluent quality were also examined and the results are summarized in Table 1 . The SS concentration in the effluent of the EF column was lower in all samples than the corresponding supernatants of the settling columns. In the micro-bubble flotation system such as dissolved air flotation or EF, upflow and circulating flow produced by micro-bubbles increase the opportunity of collision between large and small bio-particles (Park et al., 2001; Ta et al., 2001 ).
Effects of EF on the dewatering characteristics
Dewatering characteristics of the sludge thickened by gravity and EF are shown in Figure  7 . Dewaterability in terms of SRF could be improved by EF thickening for all sludges. The SRF decreased remarkably especially for AS1 and AS3. The higher cake solids content in EF sludge implies additional advantages of EF over the gravity thickening.
In general, factors affecting the sludge dewaterability include physical/chemical structure and the amount of extracellular polymeric substances (EPS), cation concentration of the bulk liquid and the shape and the density of sludge (Bruus et al., 1992) . From a thorough examination of the literature, it seems that the single factor that mostly Thickening ratio Gravity thickening EF thickening Figure 6 Thickening ratio of the sludges These water flows may result in larger floc formation and facilitate the removal of non-settleable small bio-particles. The reasoning may be supported by the experimental results that the gentle mixing of biological solids was helpful for large floc formation (Wilson and French, 1978) . The effluent TCOD concentration and the turbidity showed the same trend as SS Y.G. Choi et al. influences sludge dewaterability is the particle size distribution. Novak et al. (1988) showed that particles smaller than 100 mm tend to blind the passage of water during cake filtration. Karr and Keinath (1978) and Barber and Veenstra (1986) also reported that the supracolloidal fraction (1 to 100 mm in diameter) of the particles in activated sludge strongly affected the dewaterability. The reason for this is generally believed to be blinding of the sludge cake and filter medium due to clogging with fine particles. Decrease in blinding of sludge cake and filter medium may be responsible for the improvement in dewaterability of the sludge thickened by EF in this study. Sludge cake thickened by EF contained a lot of macro-bubbles as well as micro-bubbles. Macrobubbles may be produced by collision and coalescence of micro-bubbles inside the sludge bed. Micro-bubbles were not detectable by direct observation of the sludge cake in Figure  5 (e). However, micro-bubbles might exist excessively in the sludge cake because 95% of the bubbles produced from the electrolysis were smaller than 50 mm in diameter as shown in Figure 8 . Size distribution of the micro-bubbles in EF can be also found in elsewhere (Park, 2003) . The enhanced dewaterability of EF thickened sludge may be attributed to the presence of micro-and macro-bubbles in the sludge.
The air bubbles in the sludge may help dewatering in two ways. Firstly, under vacuum application, the degassing of the sludge may contribute to the rapid increase of solid content because degassing may occur much faster than dewatering. Secondly, the air bubbles entrapped in the sludge, even after being displaced with water, may provide pathways for water flow out of the floc structure. The explanations for the improved dewaterability by EF thickening are currently rather speculative and qualitative. Further studies are necessary to elucidate the role of air bubbles in the sludge.
Conclusions
The performance of electroflotation (EF) in thickening of activated sludge was evaluated for four sludges with varying settling characteristics. EF and gravity thickening were compared in terms of thickening efficiency and the dewatering potential of the thickened sludge. The results clearly showed that EF thickening is much more effective in both thickening efficiency and dewatering potential than the conventional gravity thickening. The thickening efficiency of the EF in terms of thickening ratio was about 2.3-5.3 times higher than the efficiency of gravity thickening. In addition, the effluent SS concentrations after EF thickening were lower than the values after gravity thickening. Dewaterbility of the EF treated sludge, both in SRF and cake solid content, was greatly improved compared with the gravity thickened sludge. It was speculated that the air bubbles entrapped in the thickened sludge play important roles in the observed dewaterbility improvement. Further studies are under progress to elucidate the role of air bubbles in EF thickened sludge.
